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THERMAL-HYDRAULIC ANALYSIS OF MAIN-STEAM-LINE-BREAK

ACCIDENTS AS POTENTIAL INITIATORS FOR REACTOR VESSEL

PRESSURIZED THERMAL SHOCK*

by

D. Lamkin**

ABSTRACT

Results are presented from two thermal-hydraulic analysea of

postulated matn-ste.am-11.ne breaks for the OCONEE nuclear power plant.

One Calculatf.on dSSUm~8 runewa:~ feedwater supply, whereas normal

feedwater management is used i.n thi+ other. The analyaes were

performed with the TRAC-PD2 code. The objective was to provf.rle

prf.mary coolant temperature and pressure hf,atorlee to seefat in

evaluating poaeible reactor-vessel pressurized-thermal-aihock concerns.

10 INTRODUCTION

Resulte are preeent~d from two TMC-PD21 calculations performed to predl,ct

tile r~sponse of a Babcock-and-Wilcox (E6W) lowered-loop preaaurlzed water

reactor to a postulated rnafn-ncean~-lln~-brt=~k (MSLB) accident. Thr pnrtfc~llar

.—

:#ork ~rfo rmed under th~ AU8plCFS of the US Nuclenr Regulnt.ory ComnlisR!or).
Energy Dfvtalonp L.OR Alamon Nntionml Lnborntory, lion Alnmon, NM 87545
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plant modeled was baatcally TMI-2, but several key parameters were changed to

approximate the Oconee 1 plant,

These calculatlone were motivated by NRC li.cenalng col~cerns related to the

“pressurized thermal shock!’ Iseue. Th!.s concern focuses on the poeslbfliry that

older reactor vessels,” embri.ttled by faat neutrori trradiatf.on, may be vulnerable

to damage In certatn severe overcooli.ng transi.enta in which the pre.saure remains

relatl.vely high. MSLB accl.dents have been tdenttfted as candtdatea f~r ficrutl.ny

In this regard. 2 The primary objective, then, was to predict primary-coolant

pressure htstorles and vessel-wall temperature hf.stortes.

The first of the two cases incorporated fairly reallsti.c assumptions .

regarding management of the feedwatcr and the emergency-core-cooltng qystem

(ECCS) following the MSLB. The feedwater Bupply wae held constant. at the

steady-state flow rate for one minute, then decreased ltnea;ly to zer{~ flow over

the next two ml,nlltes. The ECCS flow was shut off when the pressurl.zer level

recovered to its initial value. These act ions represent a reasonable

approxl.matlon to t!)08P that would be expected, either automatically or by

operator intervention, In the c~”ent of an actual Mf’,3.

The predlc.t.ion~ of case 1 include a temporary blockage of natural

~irculatl,on flow in the primary coo!.ant eyutem. Howe\er, the prfmary-coolant

temperature trnnfifent waR fctrly moderate in the context of the

preasurf zeal-thermal-shock iseue. Therefore, the second c~lculnt.ion incorporated

aNnumptfonn design~d to preacnt R gr~ater challenge to veMFel Integrf.ty. T’nc

main fecdwater WaH mllow~d to “runnway” at. full flow for fifteen min(lteg, ~ncl

the ECCS, onc~ flir.~nt~d, waa left running lnd~flnltely.
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11. MODEL DESCRIPTION

Figutie 1 S1 a echemattc dfagram of the TRAC model used fn the

calculatfona. The I fte difference nodlng 18 i,ndl.cated on ❑ oat components.

The node numbers are he,nful in the tnterpretatton of some of the grapi~ical

reaulte presented latet.

For computational convenience, the. two cold legs were combtnod in loop B

(broken loop).

allow for the

the same tnput

cons.tstent set

given tn Table

However, they were ❑odeled separately In loop A (intact loop) to

poaelbili.ty of a cold-leg break fn other calculatl.ons uttltzi.ng

model. A TRAC steady-state calculation established an l.nterr~ally

of fnl.ttal condttton~. A summary of these tnfti.al condtti.one ts

I.

The feedwater condtti.one required apeci.al modeling. The actual feedwater

flow rate I.rl B6W plants I.e about 772 kgle, and the temperature is about 517 K,

appreciably aubcooled. This feedwater flow I_a Introduced near the

steam-ge.,erator midplane into a downcomer region where tt te mixed with ste~m

drawn Into the dokmcomer by aapirati.on. Aa a result of this mi.xl.ng, the

secondary coolant enters the tube repf.on at the bottom of the steam generator as

saturated ltquf.d. The TRAC

modell.ng of the downcomer

approximately I.n an f.ndtrec~

steam-generator

and asp{rator

way wtth input

component does not permit dtrect

f Low. (A ifiethod to mod~l them

modl.flcations will be f.nvestigat.ed

I.n the near future.) In this study the feedwater was auppli.ed dtrect.ly to the

bottom of the steam generator aa aaturatpd llquld and the actunl flowrat.e was

augmented by the quantf.ty of ~tenm needed to bring 772 kg/e of 517 K llqul,d to

eaturatlon. Thta ~hould reproduce accurately tho actual flowrate at Rhe bottom

of the steam generator, an well a~ provide the correct primary-to-eecondary

●nergy tranofer tn the steady-~tate calculat.i.on.
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TABLE I

INITIAL CONDITIONS

Prtmary Coolant System

Reactor Power (MW)

Pressure, pump Inlet/discharge (MPa)

Hot leg temperature (K)

Cold leg temperature (K)

Core mass flowrate (kg/s)

Secondary Coolant System

Steam-generator i.nverirory (kg)

P?egsure, steam-generator outlet (MPa)

Steam temperature (K)

Feedwater temperature (K)

Feeawater flowrare (kg/s)

2827

14.55/15.40

591

564

1.74X104

2.163x104

6.413

560.6

553.1

885.6

Iiumeroua assumptl.ons regardl,ng system operatton and co~trol actl.one were

incorporated into the calcula?i.ons. Much of thiG Inforri?atl.on was epecifi.ed by

the Nuclear Regulatory Commi,asion (NRC).3

(1) Ilw i,ni,tiating evert waa the compleie rupture of the 0.864-m-l..d.

(34-i,n) main steam line i.n loop B at time - 0.0 s.

(7) Ini.ti.al reactor power was ?827 MU. It was held conetant at
tllfs vn],ue until a low prfmary system pressure of ]3.1 MPa
(1900 psia) ca~~aed a reactor trip. After the reactor
trip the power wa~ drcpped i,mmedi,ately to decay heat l.evela.
Rencti,vity feedback wae not modeled.
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(5)

(6)
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Both steam generators repressurized until the turbine Isolation
valvea closed 0.5 B after reactor trt.p. Closure of these
valves terudnated the blowdown of the intact eteam generator A.

Turbine bypass flow occurred when the secondary system pressure
exceeded 6.55 MPa (950 psia). The capacity was assumed to be 40%
of the normal steam flow, or 310 kg/s. Secondary-system safety
valves also were modeled, but were not important in this
calculation. “

Auxiliary feedwater (AFW)

Case 1: Flow of 68 kg/s was I.nltfated at t = 30.0 s All AFW flow— ——
was altgned to the intact loop A generator. 3

Case 2: AF’Wwas assumed unavailable.

Main

The

feedwater flowrate and temperature

Case 1:

Case 2:.—

ECCS

ConsZant volumetric flowrate of 1.138 m3/s for 60.0 s,
then decreased linearly to zero over the next 1.20.0 s.
The temperature was held constant at 553 K for 40.0 s,
then decreased ltnearly to 326.0 K over the next 120.0 s.
These feedwater condi-tions were imposed upon both steam
generators.

Constant volumetric flowrate of 1.138 m3/s for 900.0 s,
then decre~eed linearly to zero over the next 120.0 s.
‘fhe temperature was held constant at 553.0 K for 40.0 s,
then decreased llnearly to 305.5 K. over the next
120.0 s. For case 2, a further condttf.on was tmpoaed
upon the feedwater supply. It was a-sumed that the
steam-drtven ❑atn feedwater pumps were unavailable and
that feedwater was eupplted by other pumpg prese.r.t in the
feedwater train. The charactertetLcs of these pumps ar

unknown,
)

ut the,v have a uhutoff head of approximately
3.45 MPa. Therefore, in cases 2 and 3, the feedwater
flowrate wao get to zero whenever the preuaure tn the
steam-generator secondary exceeded this value. AC will

be seen, this re~ulted i-n shutoff of the feedwatcr to the
Intact steam generator aeon after closure of the turbine
stop valve.

wa~ started 35 s after the prl.mary My~tem preesurp fzll to
11.14 IdPa. In Case 1, the ECCS wa~ stopped- when ‘~he pressurizer
ll,quld l~vel recovered to its I.ni.ttal value. In Caee 2, the ECCS was

allowed to run l.ndrf{ni.tcly.

Th~ urimarv coolant numDs were trinDed 15 e after ECCS Initiation., .–r
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111. RESULTS

These transients are driven by the overcooll.ng I.n the eteam generator,

Initially cauaed by the. blowdown of the orfginal secondary-stde water Inventory,

and later by the flashing of the feedwater. Therefore, examination of the steam

generator response is given particular attentton In the following discussion.

A. Case 1: (Rupture of steam line B at t = 0.0 s. Feedwater flew

contl.nued to both generators for 3 ❑inutes. All auxilllary feedwater

aligned to tntact generator A. HPI temi.nated with pressurizer level

recovery.)

The early part of thfs transient Is dominated by the blowdown of steam

generator B. The steam-line break caused raptd votdfng and depressuri.zatton of

the 8econdary side. As a consequence of the trhitlal blowdown and also the

flashing of the feedwater, there was substantial cooling of the primary-side

liqutd during the first three minutes of the transient (F1.g. 2). After three

minutes , when the main feedwater was completely .9hut off , both primary and

secondary flu!ds were essentl.ally stagnant, and steam generator B had little

effect upon the rest of the transient.

Artenti.on now will be. cli.rected to steam generator A, with reference to

Figs. 3-9. Although the steam line remal,ned tntact tn loop A, {t was assumed

that there was dtrect. communi,catl.on with the break in loop B unttl the turbtne

I,solatlon valves were cloeed at 8.3 s. Therefore, steam generator A also

experienced blowdown during this time and nearly completely voided as shown In

Fig. 3. After closure of the valve however, the main f~~edwatt=r flow quickly

refilled the generator entirely full of li.qui,d at about 100 0 (Ff,g. 3).
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Flgure 4 ahowa that after isolation of the steam generator, the eecondary

rapidly represimurized to the set point of the turbine bypase systen, 6.55 MPa

(950 psia), and held at thta pressure, with a corresponding saturation

temperature of 555 K. At about 50 s, the overcoollng of the primary by the

conttnued blowdown in loop B produced a primary inlet temperature to the loop-A

steam generator lower than 555 K. Consequently, the steam in the upper portton

of the se=ondary cooled, and the pressure fell, au shown In Ftg. 4. This trend

continued until the secondary was filled completely with Iiquf.d at about 100 s.

lile subsequent pressure decrease, seen in Fig. 4 from about 110 s to about 420

e, occurred durtng the ftlltng of the steam ltne with llqul.d. Cond.!naation of

the pre-existing vapor accounted for the pressure behavtor. The steam ltne

finally fl.lled at about 420 s, causing a rapid increase fn pressure unttl

equfltbrlu,u was established at about 6.7 MPa by opening of some of the safety

valves.

Figure 5 shows the coolant mass flow rate on the primary sl.de of the

intact-loop steam generator. The ,oo]ant flow was blocked completely from 110 s

until 230 s. I%i.s sftuati.on aroBe In the followf.ng way. The overcoolfng of the

primary coolant system by the blowdown of the steam generators, especf.ally the

longer blowdown of generator B, produced ahrl.nkage of the coolant volume at a

rate greater than could be cUmpenBated by ECC flow. The pressurizer emptied and

a substantial void fractl.on developed in loop A. (The conttnued blowdown of the

loop-B generator produced subcooli.ng of the prtmary coolant in the loop. Only

lotip A reached eaturatlon.) While the pumps were running, the coolant vof.d was

dl.strl%ted around the loop in a two-phase mixture. However, after the pump

trip at 60 E and the subsequent coastdown, phase Beparatf,on occurr, 1, with vapor

collecting at the h(gher elevations of the 100p, namely the hot-leg candy cane
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and the upper portion of the steam generator, Figs. 6 and 7. This blocked

natural convection flow,

The eventual K!MOVal Of the flow blockage apparently was caused by

condensation of the steam in th~ upper portion of the steam-generator primary.

Careful comparison of ‘Figs. ~ and 7 shows tha? the void collapse in the steam

generator precedes that in the candy cane. The condenaatfon In the steam

generator began at about 100 s when the eecondary side ftlled wf.th liquid

(Ftg. 4) and the cold auxilfary feedwarer caused sfgnlfi.cant

prlnary-to-secondary energy removal at the top of the steam generator. The

resu’ting vacuum drew relatively cold llquld around the loop, eventually

removing tne void.

Figure 8 shows the secondary coolant temperature for the five computational

cells in steam generator A. Len 1 received the main feedwater flow and

therefore was Influenced ❑ost strongly by the feedwater temperature. The

temperature In nodes 2 and 3 also followed the decreasing feedwater temperature,

but less closely than node 1 because of heat tranBfer from the primary stale.

Node. 5 contatned the tnlet for the auxi.llary feedwater. Thu~ , the fluid

temperature of node 5 differed slgnl.flcantly from that of node 4 after 100 s

when the secondary .eIde filJ.ed with li.qutd. After re-eatabltshment of flow on

the primary aide at about 235 s, the lower four cells of the now etagnant

gecondary coolant eventually equilibrated at about 478 K, and then all. energy

removal from the system was accomplished by the auxi.ltary feedwater tn node 5.

Figure 9 shows relared temperature datu for the eeven nodes of the primary

c~olant i.n steam generator A. Early fn the transient, from about 40 E! to about

90 s, the prtmary coolant waa flaturatrxl. Therefore, there uas ltttle

temperature vari.ution wtth posi.tton durfng this period; any heal transfer
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produced vaporization or condensation. However, after stagnation of the pltmary

flow at about 100 s, a considerable spatial temperature distribution devell .ed.

Node 2 was exposed directly to the feedwater flow and cooled rapidly until the

feedwater flow stopped at 180 s. The ltqutd temperature in this node rapidly

increased after the primary flow started again at 235 s. At later ttmes IM the

tran%lent, ~odes 1 through b were all at virtually the same temperature,

reflecting the absence of matn feedwater flow. As noted above, all energy

removal from the systet. late in the transient was by the auxiltary feedwater,

and correspondingly, the only significant temperature variatton in the

steam-generator primary coolant temperature took place between nodes 6 and 7 as

shown on Fig. 9.

The important aspects of the behavtor of stsam generator A can be

summarized as follows. During the first 8 s, the secondary side nearly emptfed

of 11.quid because of communicetton with the assumed steam lfne break in loop B.

After closure of the turbine isolation valve, the secondary side repressurized

and reftlled with liqul.d. Meanwhile, the overcooking of the primary by the

continued blowdown In looP E resulted in shrinkage of the primary coolant volume

and the evolutton of a slgnifi.cant void fract{on that was di.strtbuted as a

two-phase mtxtcre ~n loop A. After the trl.p and coastdown of the prfmary coolant

pumps, the phases sepa~ated, with a resultant “vapor lock” I.n the high

elevatf.ons of looP A temporarily blocking primary coolent flow. The vapor

condensed after about 235 s~ natural convection coolant flow was established,

and eventually the system energy was removrnd by the loop A auxi.ltary feedwater.

Additional results of interest arc given tn Ftgs. 10-13. Figure 10 shows

the primary syetem pressure history. After 300 s, the preesure etabl.lized at

about 3 MPa (435 psia). Ftgure 11 gi- ‘e the ECCS mass flow rate for 100P B
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(negattve values Imply flow into the system). Each of the two ECCS flow rates

in loop A were one half the values in Fig. 11. The ECCS ilow was tenntnated

when the pressurl.zer liquid lev~l recovered to tte Inittal value, which occurred

at about 700 s (see Fig. 12). There was no core uncovery In this transient, and

the average fuel roil temperature dropped about 100 K from the I.ni.tial

steady-state operating value.

The most important parameters relevant to prt?ssurized thermal shock are the

primary coolant system pressure (Fig. 10) and the primary coolant temperature.

Figure 13 shows the ltquid temperature at the top of the downcomer, the r.oldest

fluid ta which the vessel is exposed. The soltd line gtves the temperatures at

an aztmuthal vessel locatl.on associated wtth the broken-loop side of the vessel,

whereas the dashed line corresponds to the. t.ntact-loop side. The asymmetrical

cooling In the two loops is reflected.

B. Case 2: (Rupture of steam ltne D at t = 0.0 s. Feedwater flow—.

continued to both generators for 15 ml.nutes. Auxllliary feedwater

unavailable. HPI not terminated.)

The secondary stale of the loop B steam generator (rhe loop wtth the MSLB)

agatn quf.ckly emptied of liquid because of the rapid blowdown following the

steam-line break at t lme ZCYO. However, because full feedwater flow was

maintained In t.hf.s case, the generator was refl.lle.d agal.n with liquid at about

300 S (Fig. 14). The depressurtzat.1.on of the secondary side of steam generator

B is shown in Fig. 15. Just 9S i~ case 1, there was no voiding In loop B. Thts

Ie” ‘because the overcoollng by the blowdown of the steam generator and the

flashing of the continuing feedwater kept the primary coolant tn thts loop well

eubcooled. The voi.di.ng produced by volumetric ehr{.nkage of the primary 11.quid

agal,n appeared in the hotter Intact loop A, as will be neen sh?rtly. Feedwater
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generator A only for the ftra’ few eeconda of

when the pressure (n the secondary aide cf the

steam generator recovered to 3.45 MPa (see earlier diecue810n in aectton II).

Figure 16 shows this to have occurred very early in the transient, soon af~er

closure of the turbine” etop valve isolated the steam generator. Figure 1; mhowai

that the intact Bteam generator almost completely emptted durl.ng the f.nittal

blowdcwn, simtlar to Case 1. In this transient however, because the feedwater

wa~ tcrmtnated very soon thereafter, the loop A generator rernatned nearly empty

throughout the calculetton.

Thts calculation again chowea void formatton In the high elevattona of the

intact prf.mary loop (Fig. 18) with consequent blockage of natural convectl.on

flow (Fig. 19) after coastdown of the prtmary coolant pumps. In thfs case

however, witl~ no feedwater eupplted to the intact 8team generator, there was no

mechanism for relatively early removal of the flow blockage is In Case 1. The

candy-cane votd remain>d until lare f.n the tranatent (about 140(J s) when the

high-pressure i.njectl.on flow fl.nally reftlled the system and caused abrupt

pressure recovery (Fig. 20).

The prim&ry-coolant-system pressure hl.story of F1.g. 20 e~hi.l?f.ts lnt.e~entfng

features. After the Ini.ttal rapid deprestiurf.zatlon driver, by b-,owdown of the

a team generators, especially the broken-loop generator wt.th continuing

feedwat.er, there was ~ pressure “plateau” from about 180 s until almoqt 600 s.

This was cauaecl by the gtagnant vspor in the high elevatfonB of the intact loop.

At about 300 s, a small flow of relatfvl’ly cool warcr started trl the i.nt.act

loop . Thts Is attributable to the f~lll,ng of the brok~n loop steam gen?rflt.or,

Ftg. 14. The consequent reduction of overcooli,ng and volumetric shrinkage rake

in th.) broken loop made a small flow avallnble to the Intnct. loop. Ar ,Ibout
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600 a, the pressurizer started to fill (Fig. 21). The preaaure decrease between

roughly 600 e and 800 s on Fig. 20 correlates closely with the filling of the

pressurizer and apparently was driven by condensattcn. This may be due to the

coarse noding in the pressurizer component. After the pressurizer filled, the

primary pressure was ‘again nearly constant until the final repreesurfzntion,

when the remaintng voids were removed. Figure 22 ~hows the ltquld temperature

at the top of the downcomer , agatn wtth some azimuthal var{atton.

Iv. SUMMARYAND CONCLUSIONS

The two MSLB calculations differ primarily tn the assumed management. of the

feedwater supply to the steam generators. Case 1 represents the most likely

sequence, wt~h the mat.n feedwater supply shur off early and all auxtltary

Feedwater aligned to the Illrnct loop. One interesting feature of thi s

calculatl.orl is the predl,ctl,on af a temporary prtmayy-coolant flow blockage tO

the intact steam generator, the only avatlable heat sink. The blockage

ultimately was removed by condenaatton driveu by the AFW, The mtnlmum vessel

coolant tem~eratllre was about 420 K at Rhou t 200 a (Fig. 13) with a

corresponding prtmary preaaure of about. 3 MPa (Fl,g. 10).

Case 2 repreaentt3 a more severe overcooltne transient because the main

feedwater supply wan aasumed tO “runaway” at full s~~ady-state flow r~t~ for

15 m. The mi,nf,murn cuclant temperature fn this caae was abour 325 K, agnin with

a preseure of about 3 MPa.

Flgurea 10, 13, 20, and 22 @how for the~e casea the I,mport.ant varlnblen

from the standpoint of the presaurlzed thernl~l nho~k I,SFJUP, namely t.lle

primary-coolant preamure and minimum tempera~ure.
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